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We use ATLAS and CMS searches in the mono-jet + missing energy and mono-photon + 
missing energy final state to set limits on the couplings of dark matter to quarks and giuons. 
Working in an effective field theory framework we compare several existing mono-jet analyses 
and find that searches with high px cuts are more sensitive to dark matter. We constrain 
the suppression scale of the effective dark matter-Standard Model interactions, and convert 
these limits into bounds on the cross sections relevant to direct and indirect detection. We 
find that, for certain types of operators, in particular spin-independent dark matter-gluon 
couplings and spin-dependent dark matter-quark couplings, LHC constraints from the mono- 
jet channel are competitive with, or superior to, limits from direct searches up to dark matter 
masses of order 1 TeV. Comparing to indirect searches, we exclude, at 90% C.L., dark matter 
annihilating to quarks with the annihilation cross section of a thermal relic for masses below 
^ 15-70 GeV, depending on the Lorentz structure of the effective couplings. Mono-photon 
limits are somewhat weaker than mono-jet bounds, but still provide an important cross check 
in the case of a discovery in mono-jets. We also discuss the possibility that dark matter- 
Standard Model interactions at LHC energies cannot be described by effective operators, in 
which case we find that constraints can become either significantly stronger, or considerably 
weaker, depending on the mass and width of the intermediate particle. We also discuss 
the special case of dark matter coupling to the Higgs boson, and we show that searches for 
invisible Higgs decays would provide superior sensitivity, particularly for a light Higgs mass 
and light dark matter. 

PACS numbers: 



1. INTRODUCTION 

With the LHC physics program underway at full steam, the search for a dark matter (DM) 
candidate in high energy collisions is gaining momentum. Missing energy signatures are an integral 
part of many discovery channels for new physics at the LHC, and if a deviation from Standard 
Model (SM) predictions should be found in any of these channels, it could provide important 
evidence for the existence of new particles that are stable (or at least long-lived) and neutral, thus 
fulfilling two important requirements for being the dark matter in the universe. 

In this paper, we will consider some of the more model-independent signatures of dark matter at 
the LHC: events with a large amount of missing energy {^t) ^-nd a single jet or a single photon, as 
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well as missing energy signals associated with invisible decays of the Higgs boson. Where available, 
we will use existing LHC data to set limits on the dark matter-quark and dark matter-gluon 
couplings in an effective field theory framework, and we will demonstrate the complementarity of 
these limits to those obtained from direct and indirect dark matter searches. We will also compare 
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a 
strategy for discovering dark matter or improving bounds in the future. 

Dark matter searches using mono-jet signatures have been discussed previously in the context 
of both Tevatron and LHC searches [IHZ|) and have been shown to be very competitive with 
direct searches, especially at low dark matter mass and for dark matter with spin-dependent 
interactions. In a related work, SSC constraints on missing energy signatures due to quark and 
lepton compositeness have been discussed in [8j. The mono-photon channel has so far mostly 
been considered as a search channel at lepton colliders [9HTT]. but sensitivity studies exist also 
for the LHC |12| [T^ , and they suggest that mono-photons can provide very good sensitivity to 
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and 
LEP mono-photon searches have been presented in |14t \TE\ . The mono-photon channel suffers from 
different systematic uncertainties than the mono-jet channel, and probes a different set of DM-SM 
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets. 

The outline of this paper is as follows: After introducing the effective field theory formalism 
of dark matter interactions in section [2| we will first discuss the mono-jet channel in section [3| 
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to 
set limits on the effective dark matter couplings to quarks and gluons. We also re-interpret these 
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect 
detection experiments. We then go on, in section |4j to discuss how our limits are modified in 
models in which dark matter interactions are mediated by a light < 0(few TeV) particle, so that 
the effective field theory formalism is not applicable. In section [5} we will perform an analysis 
similar to that from section [3] in the mono-photon channel. A special example of dark matter 
coupling through a light mediator is DM interacting through the Standard Model Higgs boson, 
and we will argue in section [6] that in this case, invisible Higgs decay channels provide the best 
sensitivity. We will summarize and conclude in section [7] 



2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS 



If interactions between dark matter and Standard Model particles involve very heavy (> 
few TeV) mediator particles — an assumption we are going to make in most of this paper — we 
can describe them in the framework of effective field theory. (We will investigate how departing 
from the effective field theory framework changes our results in sections [4] as well as[6j) Since our 
goal is not to do a full survey of all possible effective operators, but rather to illustrate a wide 
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion 
X and consider the following effective operators^ 



Ov 
Oa 
Ot 



(X7MX)(g7^g) 
A2 

(X7M75X)(g7^75g) 
A2 

{xPm){qPLx) 

A2 



+ {L^ R) 



(vector, s-channel) 
(axial vector, s-channel) 
(scalar, t-channel) 



(1) 
(2) 
(3) 



^ Other recent studies that have used a similar formaUsm to describe dark matter interactions include [TH51 [7] 1111 116f - 
[20]. 
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Og = Us ^"^^^ ^ ^ . (scalar, s-channel) (4) 



In these expressions, x is the dark matter field, g is a Standard Model quark field, G^j, is the gluon 
field strength tensor, and Pr(l) = (1 =t75)/2- Since couplings to leptons cannot be directly probed 
in a hadron collider environment, we will not concern ourselves with these in this paper (see [11] 
for collider limits on dark matter-electron couplings). 

In setting bounds we will turn on operators for up and down quarks separately. The bound 
for couplings to any linear combination of quark flavors can be derived from these bounds (see 
section [3|. The denomination "s-channel" or "i-channel" in equations ([T])-(|4]), refers to the most 
straightforward ultraviolet (UV) completions of the respective operators. For instance, Oy arises 
most naturally if dark matter production in pp collisions proceeds through s-channel exchange of 
a new heavy gauge boson, and Ot is most easily obtained if the production process is t-channel 
exchange of a heavy scalar. In such a UV completion, A would be given by M / ^Jlf^gq, where M 
is the mass of the mediator, g^. is its coupling to dark matter and gq is its coupling to Standard 
Model quarks. (The gluon operator Og is somewhat special in this respect since the coupling of 
a scalar mediator to two gluons is in itself a dimension-5 operator). In supersymmetric theories 
the dominant interaction of dark matter with quarks is often induced by squark exchange. For the 
case of degenerate left and right handed squarks an operator of the form Ot is predicted (but with 
X being a Majorana fermion). Here we have assumed that DM is a Dirac fermion, the case of a 
Majorana fermion [7J would not greatly alter our results, except in the case of the vector operator 
Oy, which vanishes if x is a Majorana fermion. 

Ultimately we wish to compare the collider bounds to direct detection bounds, and when match- 
ing quark level operators to nucleon level operators the coupling between the SM and DM must 
be of the form Osm^x' where OsM involves only Standard Model fields and Oy^ involves only dark 
matter, so that the matrix element (A^IOsmI-^) can be extracted [IS]. An operator like Ot, which 
is not in this form, can be converted into it by a Fierz transformation. This leads to a sum of 
several operators that can all contribute to the interaction. Typically, for direct detection, one of 
these operators will dominate, but at colliders there can be considerable interference. For instance, 
we can rewrite equation ([3| as 

Y2(xPRq){qPLX) + {L^R) = ^ [{xi^xm.q) - (X7'^75X)(97/.75C?)] = ^(^^v^ " ^^a) • (5) 

If X is a Dirac fermion both the Oy and the Oa components contribute to x production at colliders, 
but in direct detection experiments, the spin-independent interaction induced by Oy dominates 
over the spin-dependent interaction due to Oa- For Majorana dark matter, of course, Oy would 
vanish in all cases. 



3. MONO-JETS AT THE LHC 

In this section we will derive bounds on dark matter operators with mono-jet searches. In the 
following subsection we will compare the reach of several mono-jet searches, a low luminosity (36 
pb^"*^) CMS search and three ATLAS searches with varying jet px cuts using 1 fb-i of data.2 For 
simplicity we will make this comparison only for the vector operator Oy , with dark matter coupling 
only to up quarks. We will find that the highest jet pT cuts are most effective in setting bounds 
on this dark matter interaction. In the next subsection we will proceed to use the analysis based 
on these highest jet-pr cuts to set bounds on all effective operators discussed in section [2} 



As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb ^ of data [21] . 
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Figure 1: Dark matter production in association with a single jet in a hadron collider. 



3.1. Comparing Various Mono-Jet Analyses 

Dark matter pair production through a diagram like figure [T] is one of the leading channels 
for dark matter searches at hadron colliders [31 Hj . The signal would manifest itself as an excess 
of jets plus missing energy (j + ^j') events over the Standard Model background, which consists 
mainly of {Z — )• w) + j and {W — )• t^^v) + j final states. In the latter case the charged lepton H. is 
lost, as indicated by the superscript "inv". Experimental studies of j + final states have been 
performed by CDF [22j, CMS [23j and ATLAS [MIES], mostly in the context of Extra Dimensions. 

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono- 
jets in 1 fb~^ of data, although we will also compare to the earlier CMS analysis [23j, which used 
36 pb^^ of integrated luminosity. The ATLAS search contains three separate analyses based on 
successively harder pT cuts, the major selection criteria from each analysis that we apply in our 
analysis are given below. ^ 

LowPT Selection requires $j' > 120 GeV, one jet with priji) > 120 GeV, < 2, and events 

are vetoed if they contain a second jet with PT{j2) > 30 GeV and |f?(j2)| < 4.5. 

HighPT Selection requires > 220 GeV, one jet with prUi) > 250 GeV, \r]{ji)\ < 2, and events 
are vetoed if there is a second jet with |r/(j2)| < 4.5 and with either pt(J2) > 60 GeV or 
^4'ij2, ^^t) < Any further jets with |?/(j2)| < 4.5 must have PtUs) < 30 GeV. 

veryHighPT Selection requires $x > 300 GeV, one jet with priji) > 350 GeV, < 2, and 

events are vetoed if there is a second jet with |??(j2)| < 4.5 and with either pr(j2) > 60 GeV 
or /S.(j){j2, $t) < Any further jets with |r?(j2)| < 4.5 must have prijs) < 30 GeV. 

In all cases events are vetoed if they contain any hard leptons, defined for electrons as \r]{e)\ < 2.47 
and PT(e) > 20 GeV and for muons as |r/(/i)| < 2.4 and prifJ-) > 10 GeV. 

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events 
are selected by requiring > 150 GeV and one jet with prUi) > HO GeV and pseudo-rapidity 
|?7(ji)| < 2.4. A second jet with pt(J2) > 30 GeV is allowed if the azimuthal angle it forms with 
the leading jet is A0(ji, j2) < 2.0 radians. Events with more than two jets with px > 30 GeV are 
vetoed, as are events containing charged leptons with pj- > 10 GeV. The number of expected and 
observed events in the various searches is shown in table HI 



^ Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and 
since they would not have a large impact on our results. 
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ATLAS LowPT 


ATLAS HighPT 


ATLAS veryHighPT 


CMS 




1.0 fb-i 


1.0 fb-i 


1.0 fb-i 


36 pb-i 


Expected 


15100 ± 700 


1010 ±75 


193 ± 25 


297 ± 45 


Observed 


15740 


965 


167 


275 



Table I: The expected and observed number of events at ATLAS and CMS, the error is a combination of a) 
Monte Carlo statistical uncertainties, and b) control sample statistical uncertainties and other systematic 
uncertainties. For the case of ATLAS we have combined a) and b) in quadrature. 

We have simulated the dominant Standard Model backgrounds {Z — )• uu)+j and {W — )• t'^^u)+j 
using MadGraph |26t [27] at the matrix element level, Pythia 6 [28J for parton showering and 
hadronization, and PGS as a fast detector simulation. We have checked that results obtained 
with Delphes [3DJ as an alternative detector simulation, would change our results by only a few per 
cent. In figure [2| we compare our simulation of the dominant backgrounds to both the data and 
the MC predictions of both collaborations'*, we also show the spectrum for candidate dark matter 
models. In each case we rescale the normalization of the two backgrounds by a correction factor 
chosen to fit the number of events predicted by the collaborations. After this rescaling we find 
excellent agreement in shape between our predictions and theirs. When predicting the dark matter 
signal, we rescale the rate by the correction factor found for the invisible Z background, since this 
background is most similar to the DM signal. The correction factors are approximately 0.9, 1.1 
and 1.2 for the three ATLAS analyses (from low to very high respectively), and approximately 0.7 
for the CMS analysis. 

As can be seen in figure [2] our simulation of Standard Model backgrounds is in very good 
agreement with the CMS and ATLAS background predictions and with the data, so that we can 
have confidence in our simulations also for the signal predictions. Turning to those, we see from 
figure [2] that a dark matter signal mainly changes the slope of the distribution, leading to the 
most significant effects at high f^j^ [IJ [TTj [31] . The main reason for the difference in shape is that 
dark matter production in the effective theory framework is a 2 — )• 3 process proceeding through 
non-renormalizable operators, whereas the dominant Standard Model backgrounds have 2 — )• 2 
kinematics. 

Despite this clear difference in shape between the signal and the background we will nonetheless 
use only the total event rate to place constraints on dark matter properties since we cannot reliably 
model systematic uncertainties in the background shape. However, the existence of three ATLAS 
analyses with different pT cuts allows a crude version of a shape analysis to be carried out. Since the 
DM signal spectrum is harder than the background spectrum one would expect harder selection 
cuts to improve the ratio of signal to background, as is reflected in figure [2j To quantify this 
we compute the expected and observed 90% exclusion limits on the dark matter-SM coupling, 
parameterized by the suppression scale A, for a given dark matter mass m^^ by requiring 

2 ^ [Ajv-iVDM(my,A)]^ 
NY>M{m^, A) + NsM + o-gM 

Here ctsm is the uncertainty in the predicted number of background events, see tablejij In computing 
the number of expected signal events, A'^dm, we include the correction factor discussed above to 

■* Note that the MC predictions of the collaborations are for all backgrounds. For the highest $j, bins the background 
is completely dominated by W + j and Z + j, but in the lowest bins there can be ~ 10% contributions from ti, 
QCD and other reducible backgrounds which we did not simulate. 



(6) 
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Figure 2: Measured missing energy spectra of j + for the three ATLAS analyses and the CMS analysis 
discussed in the text (black data points with error bars) compared to the collaborations' background pre- 
dictions (yellow shaded histograms) and to our Monte Carlo prediction with (blue histograms) and without 
(black dotted lines) a dark matter signal. In all cases the DM signal comes from the vector operator, Oy, 
and — 10 GeV, A ~ 400 GeV. Our simulations are rescaled to match the overall normalization of the 
collaborations' background predictions. 

account for tlie inaccuracy of our detector simulation. We define a quantity 

I expected bound 

An= { (7) 

I -^obs — -^SM observed bound , 

wliere A^obs(SM) is the number of observed (predicted background) events. With the exception of 
the LowPT analysis at ATLAS, all analyses experienced a dovi^nward fluctuation in the background 
and hence give stronger bounds on DM than expected. Since this lucky accident is unlikely to be 
repeated in the future we will in the following show both the observed and expected bounds. The 
limits on A for the operator Oy, with coupling to up quarks only, is shown in figure [3| As expected 
the strongest bounds come from the analysis with the hardest jet px and cuts, and in all cases 
but LowPT the observed bound is stronger than expected due to the downward fluctuations in the 
data. 
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Figure 3: Limits on the suppression scale A for the vector operator, Oy, where only the coupling to up 
quarks is considered, for the three ATLAS analyses and the analysis of CMS. In all cases the observed 
(expected) bound is represented by a solid (dashed) line. 



It is interesting to note that the CMS and ATLAS LowPT bounds are comparable despite the 
fact that CMS used 36 pb^^ of data whereas ATLAS used 1 fb^^. This is because both analyses 
are dominated by systematic uncertainties which do not decrease much with luminosity. This 
clearly illustrates the utility of making cuts that concentrate on the high pj- tail of the mono-jet 
distribution rather than simply acquiring more luminosity. The ability to harden cuts and focus on 
the tails of the distribution increases as the tails get populated with growing luminosity. Exactly 
what the best cuts for the DM search are is unclear since there is not much difference between 
expected bounds from the HighPT and veryHighPT analyses, despite a considerable hardening of 
cuts. A dedicated search, with tuned px and cuts, would presumably lead to even stronger 
bounds than those coming from ATLAS veryHighPT, we strongly advocate for such a study to be 
carried out. 

The high pT analyses are most sensitive to the vector operator in the case in which it involves 
only up quarks. We have also investigated other operators and found that the advantage of the 
high pt cuts persists, unless the operator involves only heavier, "sea" , quarks, such as strange or 
charm. For operators involving these the low px analysis does equally well. The reason is that for 
sea quarks the parton distribution functions are more rapidly falling, which leads to a softer pT 
spectrum more similar to the background spectrum. 

Since the expected bounds from the HighPT and veryHighPT analyses are comparable, we will 
concentrate from now on on only the veryHighPT ATLAS analysis, and show both the expected 
and observed bounds from this analysis. It should be noted that the veryHighPT analysis had 
the largest fractional downward fluctuation and so the observed bound is considerably stronger 
than expected, this is unlikely to repeat with more luminosity. However, exactly how the ex- 
pected bounds change with luminosity is not straightforward because this depends on the details 
of systematic uncertainties at yet higher pT with higher luminosity. 

We can repeat the exercise above for each operator in turn, for both light quark flavors in- 
dividually. The results for Oy, Oa, Ot and Og are shown in figure [4[ As for earlier Tevatron 
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Figure 4: Limits on the suppression scale A for various operators, where only the couphng to one quark 
flavor at a time is considered, for the veryHighPT ATLAS analysis. In all cases the observed (expected) 
bounds are shown as solid (dashed) lines. 



analyses [31 Hj , we note that the collider bounds on the various operators are similar to one an- 
other. The collider limits are not strongly affected by the spin structure of the operator, which, as 
we shall soon see, will give these bounds a relative advantage over direct detection experiments for 
spin-dependent dark matter scattering typically mediated by axial-vector operators. The bound 
on the t-channel operator Ot is somewhat weaker than the bound on Oy and Oa because of the 
prefactor 1/4 and because of partial negative interference between the two terms on the right hand 
side of equation ([s]). The bound on the gluon operator Og is very strong, considering that the 
definition of this operator contains a factor a^, because of the high gluon luminosity at the LHC, 
despite the operator being of higher dimension than the other operators we consider. 

The bounds on the suppression scales of individual operators can be combined for testing models 
that predict contributions from multiple operators suppressed by the same scale. For instance. 
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consider a model in which dark matter couples to up and down quarks with couplings proportional 
to Cm/A^ and q/A^, where A is a joint suppression scale and c^, q are dimensionless coefficients. 
The constraint on A can be obtained from the individual constraints on couplings only to up quarks, 
Au, and only to down quarks, A^, from figure [4] according to the relation 

= clAt + clK\ . (8) 

3.2. Mono-Jet Bounds Compared to Direct Dark Matter Searches 

With these collider bounds in hand we can now place constraints on direct detection rates, in 
a similar fashion to [3-[5l [71 [11] . For the coefficients required to translate the quark level matrix 
elements {N\qj'^q\N) and {N\qj^^^^q\N) into nucleon level matrix elements, we use the values from 
|32H34j ■ as collected in [Ij. We also need the matrix element for the gluon field strength in the 
nucleon [35] . 

(iV|a,G^,G«^nA^> = -Y("^^- E {m^,m\N)). (9) 

q=u,d,s 

For {N\mqqq\N) , we follow [36j but use an updated [37] value of the pion-nucleon sigma term 
S^AT = 55 MeV.5 

When translating collider limits on effective dark matter-Standard Model couplings into con- 
straints on the dark matter-nucleon scattering cross section, we make the simplifying assumption 
that the couplings are universal in quark fiavor. If flavor-ratios different from unity are desired it is 
straightforward to translate the collider bounds into direct detection constraints using equation Q , 
with Cu 7^ Cd- In other words, the LHC limits on the dark matter-nucleon cross section shown in 
figure [5] would have to be rescaled by a factor (A^ -|- A^)/(c^A^ + c^A^). 

The bounds on the dark matter-nucleon scattering cross sections for the various operators, 
along with bounds (and some notable excesses) from dedicated direct detection experiments are 
shown in figure [5} A few summary comments are in order: 

• For spin-independent dark matter couplings, the LHC bounds provide the most powerful 
constraints for below about 5 GeV for the scalar and vector operators and below 10 GeV 
for the gluon operator. 

• The LHC bound on the vector operator is within 1-2 orders of magnitude from the parameter 
region suggested by DAMA, CoGeNT and CRESST. The bound on the gluon operator Og 
is several order of magnitude stronger and is competing with CDMS and XENON for dark 
matter masses up to about 500 GeV. 

• The LHC provides the strongest bound on spin dependent dark matter-nucleon scattering, 
by a margin of about two orders of magnitude. The LHC bound becomes less powerful than 
current direct detection experiments for > 1 — 2 TeV. 

3.3. Limits on Dark Matter Annihilation 

In addition to limits on direct detection cross sections, we have also studied the constraints 
that the LHC can set on dark matter annihilation cross sections relevant to indirect astrophysical 



* Note however that recent lattice determinations |38H41) of the strange quark content of the nucleon are considerably 
lower. The effect on our bounds is small. 
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Figure 5: ATLAS limits on (a) spin-independent and (b) spin-dependent dark matter-nucleon scattering, 
compared to limits from the direct detection experiments. In particular, we show constraints on spin- 
independent scattering from CDMS [H], XENON-10 03], XENON-100 ^T, DAMA gS], CoGeNT 
iZ] and CRESST gS], and constraints on spin-dependent scattering from DAMA gS], PICASSO gS], 
XENON-10 [50], COUPP [51] and SIMPLE [52]. DAMA and CoGeNT allowed regions are based on our 
own fits TTJHTIISS] to the experimental data. Following [51], we have conservatively assumed large systematic 
uncertainties on the DAMA quenching factors: ^Na — 0.3 ± 0.1 for sodium and qi — 0.09 ± 0.03 for iodine, 
which leads to an enlargement of the DAMA allowed regions. All limits are shown at 90% confidence level, 
whereas for DAMA and CoGeNT we show 90% and 3ct contours. For CRESST, the contours are la and 2a 
as in [48] . 



searches. The dark matter annihilation rate is proportional to the quantity (aVrei), where a is the 
annihilation cross section, fj-ei is the relative velocity of the annihilating particles, and the average (•) 
is over the dark matter velocity distribution in the particular astrophysical environment considered. 
Working again in the effective field theory framework, we find for dark matter coupling to quarks 
through the dimension 6 vector operator, equation ([l]), or the axial- vector operator, equation Q, 
respectively [TT] . 

^V^rei = > . l / 1 - :^ ( 24(2m^ + ml) + " vlA , (10) 

Here the sum runs over all kinematically accessible quark flavors, and niq denotes the quark masses. 
We see that, for both types of interaction, the leading term in av^d is independent of v^ei when there 
is at least one annihilation channel with > ^^^rei- Note that for DM couplings with different 
Lorentz structures (for instance scalar couplings), the annihilation cross section can exhibit a much 
stronger fj-el-dependence. For such operators, collider bounds on (crVrei) can be significantly stronger 
than in the cases considered here, especially in environments with low {v'^^^^ such as galaxies (see, 
for instance, reference [11] for a more detailed discussion). 

In figure [6| we show ATLAS constraints on {av^ei) as a function of the dark matter mass m-^ 
for a scenario in which dark matter couples equally to all quark flavors and chiralities, but not 
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Figure 6: ATLAS constraints on dark matter annihilation for flavor-universal vector or axial vector couplings 
of dark matter to quarks. (If dark matter can annihilate also to leptons, the bounds are weakened by a 
factor l/BR(xx qq).) We consider an environment with (u^gi) = 0.24, corresponding to the epoch at 
which thermal relic dark matter freezes out in the early universe, (i^roi) much smaller in present-day 
environments such as galaxies, which leads to improved collider bounds on the annihilation rate in those 
systems. The value of (crwrci) required for dark matter to be a thermal relic is indicated by the horizontal 
black line. 

to leptons. (If dark matter can annihilate also to leptons, the bounds are weakened by a factor 
l/BR(xx — ^ 99)-) To compute these limits, we have used the bounds on and A^ from figure [4| 
and have converted them into a limit on the flavor- universal cutoff scale A using equation ^ . We 
have neglected the small contribution of initial states involving strange and charm quarks to the 
mono-jet rate at the LHC. 

We see from figure |6] that, as long as the effective field theory framework provides a valid 
description of dark matter production at the LHC and of its annihilation in the early universe, 
thermal relic cross sections are ruled out at 90% confidence level for ^15 GeV in the case of 
vector couplings and for m-^ < 70 GeV in the case of axial vector couplings. As discussed above, 
the limits can become somewhat weaker if additional annihilation channels exist, and stronger in 
environments with low (f^gj). 

4. LIGHT MEDIATORS 

So far, we have worked entirely in the effective field theory framework, assuming the particles 
that mediate dark matter-Standard Model interactions to be much heavier than the typical mo- 
mentum exchanged in mono-jet events, and the production at colliders to be well approximated 
by a contact operator. However, given that the LHC is probing record high scales, particularly for 
event samples with hard px cuts, it is worthwhile to investigate how the predictions of the effective 
theory are modified once a propagating particle is introduced to mediate the interaction of matter 
and dark matter. 

As discussed in [H [5l [11], the sensitivity of colliders can change dramatically in this case, 
either suppressing or enhancing the signal. In the case of "s-channel" operators, resonance effects 
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can enhance the production cross section once the mass of the s-channel mediator is within the 
kinematic range and can be produced on-shell. This enhancement is particularly strong when the 
mediator has a smaU decay width F, though it should be noted that within our assumptions T is 
bounded from below due to the open decay channels to jets and to dark matter. 

On the other hand, colliders have a relative disadvantage compared to direct detection experi- 
ments in the light mediator case. The reason is that, from dimensional analysis, the cross section 
for the collider production process pp — >• xx + ^ scales as, 

where E is of order the partonic center-of-mass energy, M is the mass of the s-channel mediator 
and q is the four momentum flowing through this mediator. At the 7 TeV LHC, ^/q^ has a broad 
distribution which is peaked at a few hundred GeV and falls slowly above. The mediator's width 
is denoted by F, and Qq, are its couplings to quarks and dark matter, respectively. The direct 
detection cross section, on the other hand, is approximately 

aixN^xN)-^^-^^^, (13) 

with the reduced mass fi^jy of the dark matter and the target nucleus. 

When <^ q'^, the limit that the collider sets on g'^Qg becomes independent of M, whereas 
the limit on g'^g^ from direct detection experiments continues to become stronger for smaller M. 
In other words, the collider limit on (j{xN — t- x^) becomes weaker as M becomes smaller. On 
the other hand, when < M/2 and the condition v^g^ — M can be fulfilled, collider production 
of XX + X experiences resonant enhancement. Improved constraints on A can be expected in that 
regime. 

In figure [7j we investigate the dependence of the ATLAS bounds on the mediator mass M more 
quantitatively including both on-shell and off-shell production. Even though dark matter-quark 
interactions can now no longer be described by effective field theory in a collider environment, we 
still use A = Mj ^Jg^Jj^ as a measure for the strength of the collider constraint, since A is the 
quantity that determines the direct detection cross section. As before, we have used the cuts from 
the ATLAS veryHighPt analysis (see section [s]). We have assumed vector interactions with equal 
couplings of the intermediate vector boson to all quark flavors. 

At very large M (> 5 TeV) , the limits on A in figure [7] asymptote to those obtained in the 
effective theory framework. For 2m^ ^ M < 5 TeV, resonant enhancement leads to a significant 
improvement in the limit since the mediator can now be produced on-shell, so that the primary 
parton-parton collision now leads to a two-body rather than three-body final state. As expected 
from equation (12), the strongest enhancement occurs when the mediator is narrow. In figure [7| 



this is illustrated by the upper end of the colored bands, which corresponds to F = M/Svr.^ The 
shape of the peaks in figure [7] is determined by the interplay of parton distribution functions, which 
suppress the direct production of a heavy mediator, and the explicit proportionality of A to M 
according to its definition. Below M ~ 2m-,j,, the mediator can no longer decay to xXj but only to 
qq^ so in this mass range, it can only contribute to the mono-jet sample if it is produced off-shell. 
In that regime, the limit on A is rather weak (even though the limit on g^g^ is independent of M 
there as discussed above), and the dependence on F disappears. 



^ r = Mji^-K corresponds to a mediator that can annihilate into only one quark flavor and helicity and has couplings 
9x9i ~ 1- Since in figure [t] we have assumed couplings to all quark helicities and flavors (collider production 
is dominated by coupling to up-quarks though), and since flxfli > 1 in parts of the plot (see dashed contours), 
r = A//87r should be regarded as a lower limit on the mediator width. 
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Figure 7: ATLAS limit on A = M / ^g^gq as a function of the mass M of the particle mediating dark 
matter-quark interactions. We have assumed s-channel vector-type interactions, and we have considered 
the values = 50 GeV (red) and = 500 GeV (blue) for the dark matter mass. We have varied the 
width r of the mediator between the values M/3 (lower boundary of colored bands) and M/^tt (upper 
boundary of colored bands). Dashed dark gray lines show contours of constant ^Jg^gq. 

In light of this result it is important to revisit our limits from section [3] and check that they are 
consistent with the effective theory in which they were derived. In other words, we have to verify 
that models which saturates our limits can still be described in effective field theory. Inspecting 
the dashed contours of constant mean coupling ^JgqQx in figure [71 we see that for mediator masses 
above ~ 5 TeV, where the limits derived in the full renormanzable theory asymptote to those 
derived in the effective theory, our limits would correspond to ^Qqgx ~ 5-10, depending on m^. 
This is still below the ^jQqQx ~ ^'^^ which for small my. would be reached at M ~ 10 TeV. We 
thus see that there is considerable parameter space available in the renormalizable model in which 
effective theory provides a good low-energy approximation. Moreover, we have seen that even 
for lighter mediators, M ~ few x 100 GeV, the limits derived from the effective theory are valid, 
though overly conservative. However, for very light mediators, M < 100 GeV, the collider bounds 
on direct detection cross sections are considerably weakened. 

Even though we have only quantitatively demonstrated the above conclusions for dark matter 
with vector couplings here, the results of references [H [TT] show that they can be generalized to 
other types of effective operators, in particular axial vector Oa and scalar t-channel Ot- For the 
gluon operator Og, we remark that its most natural UV-completion is through a diagram in which 
the two gluons as well as a new scalar s-channel mediator couple to a triangular heavy quark loop. 
Due to the additional loop factor which need not be present in UV completions of Oy and Oa, the 
masses of the new heavy scalar and the new heavy quark propagating in the loop cannot be larger 
than ~ 1 TeV for a theory that saturates our limit A ~ 500 GeV (see figure |4]). Therefore, as one 
can see from figure [TJ effective field theory is not strictly applicable in such a model, but the limit 
it gives is on the conservative side. 

Let us finally comment on the case of scalar dark matter-quark couplings of the form 

Os^^^^^P^ + {L^R), (14) 



which we have not considered so far in this paper. As any UV completion of that operator has to 
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preserve SU (2) invariance, it is necessary that one of the chirahty eigenstates x is an SU (2) doublet 
or that the UV completion of ©5 involves coupling to the Higgs field H. The first possibility is 
strongly constrained because dark matter charged under SU{2) would have been detected already 
in direct detection experiments, unless it is very light, < few GeV. The second possibility, a 
Higgs insertion, implies that Os should be rewritten as 

Og = -j^ + (L o i?) , (15) 

where yq is the Standard Model Yukawa coupling of q and A' is the cutoff scale of the effective 



theory (the scale A from equation (14) has no physical meaning in the case of a Higgs insertion). 
The simplest possibility to realize O'^ at the renormalizable level is through mixing of the Higgs 
with a new scalar singlet, which in turn couples to dark matter. In this case, both dark matter 
production at the LHC and dark matter-nucleus scattering in direct detection experiments are 
dominated by sea quark contributions, due to Yukawa suppression. We have checked that, in this 
case, the limit the LHC could set on A' is below 100 GeV and thus clearly outside the regime of 
validity of effective field theory. We will therefore not consider operators of the form ©5 or O'g 
any further in this paper. 

To conclude this section, let us emphasize that here we have only considered one possible UV 
completion of the effective operators introduced in section [2] While this helps outline some of the 
main effects of finite mediator masses, the exact details of these effects will be model-dependent. 



5. MONO-PHOTONS AT THE LHC 

While mono-jets are certainly an excellent search channel for dark matter, it is important to 
investigate other complementary channels with different systematic uncertainties. An interesting 
final state to consider is the mono-photon channel, which we will study in this section. A search in 
an independent channel can help determine if any excess seen in j + is due to new physics or due 
to mismodelling of backgrounds. Also, there are many types of new physics besides dark matter 
that can lead to mono-jet signatures, for instance large extra dimensions f55] and unparticles [56], 
so that searches in additional channels will be necessary to narrow down the origin of any observed 
signal. In addition, information from several channels may shed light on the nature of the DM-SM 
coupling. For example, the relative size of an excess in mono-photons compared to one in mono-jets 
is sensitive to whether the operator dominating the signal involves up or down quarks, due to their 
different electric charges. A gluon operator like Og from equation Q is not expected to produce 
a significant mono-photon signal at all. 

Studies of the mono-photon final state have been carried out by CDF (22j and D0 [57j, but 
here we follow the recent CMS analysis, based on 1.14 fb~^ of luminosity [58]. Single photons can 
be produced in association with a dark matter pair through diagrams similar to figure [T| but with 
the outgoing gluon replaced by a photon. Thus, the cross section for mono-photon production is 
suppressed compared to mono-jet production by the ratio of the strong and electromagnetic fine 
structure constants as well as a color factor. On the other hand, the background is similarly smaller. 
Systematic uncertainties on the background prediction are similar, of order 10-15%, for the ATLAS 
veryHighPT mono-jet search and for the CMS mono-photon search [58]. The acceptance for mono- 
photons is somewhat lower than that for mono-jets because of the requirement that they fall in 
the barrel part of the electromagnetic calorimeter. 

In our simulations, we follow [58J and require the photon to a have transverse momentum 
Pt{i) > 95 GeV and pseudo-rapidity \r]\ < 1.44. The missing energy in the event must satisfy $t > 
80 GeV and the event is vetoed if there is a jet with ptU) > 20 GeV within \r]{j)\ < 3 or a lepton 
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Figure 8: Limits from the CMS mono-photon analysis on the suppression scale A for the vector operator, 
Ov, where only the coupling to one quark flavor at a time is considered. The expected bound is shown with 
a dashed line and the observed one with a solid line. 

with pt{^) > 10 GeV and Ai?(^, 7) > 0.04. CMS applies several additional photon identification 
and isolation criteria which we do not attempt to mock up. Instead, we use PGS as a detector 
simulation and apply a correction factor of 0.71 to account for these isolation requirements. The 
correction factor is obtained by comparing our prediction for the dominant irreducible background 
(Z —7- vi/) + 7 to the collaboration's. We have also checked that the shape we predict for (Z — ^ 
i/v) + 7 is in excellent agreement with their prediction, which provides a useful verification of our 
simulations. Apart from [Z — )• ui')+j, the backgrounds in the "f+^T channel are {Z — )■ with 
the jet mistaken for a photon, W — )• ev, with the electron mistaken for a photon, bremsstrahlung 
from cosmic ray or beam halo muons and {W — )• t^^u) + 7, with an unidentified charged lepton i. 
The expected number of events in the mono-photon sample, according to CMS, is 67.3 it 8.4 (with 
the uncertainty dominated by statistics) and the number of observed events was 80. 

To set limits on dark matter, we add our signal prediction to the number of predicted background 
events from [5H] and compare the result to the CMS data following the same statistical procedure as 
in section |3j The resulting limits on the cutoff scale A for vector operators involving up and down 
quarks are shown in figure [8| The current mono-photon bounds still trail behind mono-jet limits. 
However, the mono-photon limits may improve more rapidly than those from mono-jets because 
the former are still statistics dominated as opposed to the latter which are already dominated by 
systematic uncertainties. Furthermore, as we saw in the previous section, applying harder pT cuts 
may yield stronger bounds. The resulting limit on the direct detection cross section is shown in 
figure [9} 



One of the most motivated scenarios for dark matter is the case where dark matter interacts 
through the exchange of a Higgs boson [59]. In this section we will consider this possibility. For 
concreteness we will assume a specific model, the Standard Model plus a dark matter particle that 
couples via the Higgs "portal". We will place limits on the direct detection signal in this model 
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Figure 9: Limits from the CMS mono-photon analysis on spin-independent dark matter-nucleon scatter- 
ing, compared to limits from direct detection experiments. In particular, we show constraints on spin- 
independent scattering from CDMS P], XENON-10 gS], XENON-100 DAMA gS], CoGeNT gSlIlT] 
and CRESST 48J. DAMA and CoGeNT allowed regions are based on our own fits HH EH [S3] to the 
experimental data. Following [54], we have conservatively assumed large systematic uncertainties on the 
DAMA quenching factors: gNa = 0-3 ± 0.1 for sodium and qi — 0.09 ± 0.03 for iodine, which leads to an 
enlargement of the DAMA allowed region. All limits are shown at 90% confidence level, whereas for DAMA 
and CoGeNT we show 90% and 3ct contours. For CRESST, the contours are Itr and 2a as in g5] . 

at the LHC in two ways. First, using potential future limits on the invisible branching fraction 
of the Higgs, we place an future upper bound on the direct detection signal. Then we will use 
current Higgs limits and assume that the decay of a Higgs to dark matter is responsible for the 
Higgs non-discovery. This will lead to interesting lower bounds on dark matter-nucleon scattering 
rates. 

6.1. The Invisible Higgs Analysis as a Dark Matter Search 

One way to search for dark matter coupled through the Higgs is to follow the strategy of the 
previous sections. Namely, integrating out the Higgs induces a scalar operator ~ {xx){qq)^ which 
is suppressed by the Yukawa couplings, and an operator like Og that couples dark matter to gluons 
after a top quark loop is integrated out. One can then look for a mono-jet (or mono-photon) 
signal to constrain the magnitude of the operator. However, for the light generations the Yukawa 
suppression will make the bound on such operators weaker (at least as compared with operators 
that are not Yukawa suppressed). Furthermore, a light Standard Model Higgs is a "light mediator" 
in the sense that its propagator may easily be dominated by the momentum transfer g^, rather 
than the mass m|, which will lead to another disadvantage of mono-jet searches (see section |4|. 

Here we will pursue a different strategy which will give stronger bounds within a model in which 
DM couples via a Higgs boson h, particularly when dark matter is so light that the decay h — )• xx 
is kinematically allowed. Production of a Higgs at the LHC may proceed through the Higgs' gauge, 
rather than its Yukawa, couplings. In particular, one can produce a Higgs in association with a 
Z or a W or through vector boson fusion (VBF). If rriy- < mh/2, the Higgs may have a sizeable 
branching fraction into missing energy, leading to invisible Higgs signals such as Z + (from 
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associated production) or forward jets plus (from VBF). For a given Higgs mass, the limits 
on the invisible branching fraction of the Higgs may be translated into limits on the coupling of 
the Higgs to dark matter and thus into a limit on the direct detection cross section mediated by a 
Higgs 7 

For concreteness we consider a toy model in which a new neutral and stable dark matter fermion, 
X, is added to the Standard Model, coupling to the Higgs. ^ For example, this coupling may be 
written as xxH^H^ which below electroweak symmetry breaking leads to a coupling of the form 
UxhxX- III these expressions H denotes the SM Higgs doublet, h stands for the physical Higgs 
boson, and is a dimensionless coupling constant. The branching fraction of the Higgs into dark 
matter pairs is 
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o \ 2' 

rrih 



3/2 

, (16) 



where r(SM) is the total width of the Higgs in the Standard Model, which depends on the Higgs 
mass, and T{h — )■ xx) is the partial width for decays into dark matter. The invisible Higgs search 
from colliders sets an upper bound on BR(/i — )• xx)i which in our model constrains the size of 
y^^. We can then translate this bound into a bound on the direct detection cross section using the 
couplings of the Higgs to the nucleus at low energies. This can proceed in two ways — the Higgs 
can couple to the strange quark in the nucleus or it can couple to gluons via a heavy quark loop. 
These couplings are suppressed either by the Yukawa coupling of the strange quark or by a loop 
factor, which will give the collider limits a relative advantage since those involve order 1 couplings. 
We use the matrix element for the gluon coupling given in equation (l9|) and for the strange quark 



coupling as discussed in section 3.2 The resulting direct detection cross section is 



a^ = 5x 10-6 ^ , (17) 

which sets the direct detection bounds once we extract the allowed size of y^ from the invisible 
Higgs search. 

There are many works discussing the future bounds on invisible Higgs decays |63H66j . Here we 
will not conduct a study of our own, but rather take the bounds projected in an ATLAS analysis [66] 
where the production modes ZH and VBF are considered. The dominant SM backgrounds for these 
processes are ZZ — )• iiuu for the ZH production mode and jets from QCD, or Z for the VBF 
case. The authors of [66j have simulated both signal and background with the full ATLAS detector 
simulation. The systematic uncertainties from Monte Carlo, experimental systematic uncertainty, 
and the theoretical knowledge of the production cross-sections are taken into account. 

Assuming 30 fb~^ of data with 14 TeV center of mass energy, the projected 95% C.L. upper 
bounds on the invisible branching ratio are [66] 
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Some related work on the application of the invisible Higgs search to the dark matter interaction has been discussed 
in [601 16 1| . The bounds on the invisible Higgs branching fraction from XENON-100 in the scalar dark matter case 
are discussed in [62] 

One could easily apply our methods also to the case of a minimal model of scalar dark matter [SS*, giving similar 
results, or to models with extended Higgs sectors in which Higgs production can be modified. 
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Figure 10: Left: Projected 95% C.L. upper bounds on dark matter-nucleon scattering mediated by a Higgs 
boson from future ATLAS searches for invisible Higgs decays. Limits are shown for the Z + H and vector 
boson fusion (VBF) production modes, and for Higgs masses of 120 GeV and 250 GeV [66]. Right: Lower 
95% C.L. bounds on dark matter-nucleon scattering mediated by a Higgs boson, derived from the CMS 
exclusion of a Standard Model Higgs boson in certain mass ranges [571, assuming that the Higgs was missed 
at the LHC due to its large invisible width. The direct detection limits we show for comparison are the 
same as in figures [5] and [9] 



Using these bounds and equation (16), we can set upper limits on the direct detection cross section. 
These hmits are shown in the left panel of figure 10 for various Higgs masses and production 
channels. These dark matter-nucleon scattering cross section bounds are more stringent than the 
mono-jet and mono-photon bounds of the previous sections due to the smallness of the Higgs— 
nucleon coupling. The bounds deteriorate when the dark matter mass approaches the kinematic 
limit for invisible Higgs decay at rriy. = m/j/2. Comparing the results for different Higgs masses, 
the bound for a 250 GeV Higgs is weaker than the one for rrih = 120 GeV because at 120 GeV, 
the SM Higgs width r(SM) is small, allowing the invisible channel to compete even for moderate 
couplings. At 250 GeV, the SM decay rate is dominated by decays to W and Z bosons, and in 
order for the Higgs to have a sizeable invisible branching fraction, the coupling to dark matter 
must be quite large. This effect over-compensates the 1/m^ suppression in the direct detection 
cross section which pushes the limits in the opposite direction. 



6.2. A Lower Bound on Dark Matter Nucleon Scattering from Current Higgs Limits 

In the previous subsection we discussed the future reach of the LHC in discovering dark matter 
"directly" through invisible Higgs decay. But if dark matter indeed couples to the Standard Model 
through Higgs exchange, there is always an interesting connection between the Higgs search and 
the search for dark matter. This is true both for bounds on the Higgs, as well as for a potential 
Higgs discovery. 

For example, the recent LHC exclusions [67\ [68j of a SM Higgs between ~ 140 GeV and 
~ 400 GeV have an amusing interpretation as a possible lower bound on the dark matter scattering 
rate expected at direct detection experiments. In particular, if the Higgs has a sizeable branching 
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fraction into dark matter, this leads to a suppression of the decay channels used in the SM Higgs 
searches. Thus, a Higgs mass that is inconsistent with data for SM branching ratios may be allowed 
if the invisible width is large enough to sufficiently suppress the SM search modes, dominantly 
h —7- W~^W~ or /i — 7- ZZ in the Higgs mass range of interest. 

For concreteness we consider the combined Higgs bound from CMS |67j . but results would be 
similar for the ATLAS bound [68]. Over the mass range 140 GeV < rrih < 400 GeV the bound on 
^ = ((T X BR)/((T X BR)|5jvf varies from ~ 0.3-1, here BR is the branching ratio into the relevant 



search mode, in this mass range either h — )• W'^W^ or /i — )■ ZZ. Using (16) this can be translated 
into a lower bound on under the assumption that the Higgs is produced with SM cross section, 
and one decay mode dominates the bound, but Higgs decays into SM channels are suppressed by 
a large invisible width (and by nothing else), 



,^>8vr^-i-i 1-^ • (18) 



This lower bound on the Higgs-DM coupling allows us to place a lower bound on dark matter- 
nucleon scattering due to Higgs exchange, for a light Higgs that was missed at the LHC due to a 



large invisible width. This is shown for several candidate Higgs masses in figure 10 It is interesting 
to note that in some cases shown (e.g. Higgs masses of 250 and 350 GeV) this lower bound is already 
in conflict with direct detection limit for a wide range of dark matter masses. This implies that 
such minimal models of Higgs-coupled dark matter are already being probed by the combination 
of the LHC and direct detection. To evade these limits non-minimal models must be considered, 
either modifying Higgs production rates or modifying Higgs decay beyond the dark matter channel. 
It will be interesting to follow upcoming limits on the Standard Model Higgs which will cause these 
lower bounds to rise and possibly come in to conflict either with dark matter searches, or with 
invisible Higgs searches. 

Finally, we note that even if a Standard Model-like Higgs is discovered at the LHC, interesting 
bounds on direct detection may be extracted. The strength of these bounds as well as their nature, 
upper or lower, depend on the details of the discovery. For example, assume a Standard Model-like 
Higgs is discovered at 120 GeV, say in the 77 decay mode. If the Higgs production rate times 
branching fraction agrees with the Standard Model prediction, very little room will be left for 
decay of the Higgs into light dark mater. Because the decay channel that is competing with dark 
matter for this Higgs mass, h — t- 65, has very small branching ratio, this will set a strong upper 
bound on the coupling of the Higgs to x (of order the bottom Yukawa coupling), and thus on direct 
or indirect detection. 

One the other hand, if the Higgs is discovered with a rate that is below the Standard Model 
prediction, one can postulate that the decay into dark matter is responsible for the reduced rate. 
Within this assumption, both an upper and a lower limit on dark matter couplings may be derived. 
In this case the invisible Higgs search can confirm these assumption and provide a potential dark 
matter discovery. 



7. CONCLUSIONS 

Missing energy signatures have long been known to be among the most promising discovery 
channels at the LHC. They can provide sensitivity to dark matter, one of the few extensions of 
the Standard Model which are known to exist, even though the exact nature of dark matter, its 
mass(es) and coupling constants, are so far completely unknown. In this paper, we have used new 
data on mono-jet (j + ^x) mono-photon (7 + ^^^) final states to constrain a large class of dark 
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matter models, namely those in which dark matter-quark or dark matter-gluon interactions exist 
and can be described in the framework of effective field theory. (We have discussed the validity of 
effective field theory, and the modifications to our limits in cases where it is not valid, in sections |4] 
and[6| see figures [7| and [lO| ) 

Since events in which dark matter is produced have a harder spectrum than Standard Model 
background processes, it is advantageous to use rather hard cuts on the jet or photon transverse 
momentum and on the missing energy. We have confirmed this expectation by comparing the 
sensitivity of mono-jet samples with different cuts (figure [3]) finding a clear advantage for the so 
called veryHighPT analysis. Using this ATLAS mono-jet analysis we set strong limits on a variety 
of different types of dark matter couplings (figure [4]), in particular vector, axial vector, t-channel 
mediated scalar interaction with quarks and interactions with gluons. 

These limits can be converted into constraints on the dark matter-nucleon scattering cross 
section measured in direct detection experiments (figure [5]) and the dark matter annihilation cross 
section (figure [g]). For small dark matter mass, < 5 GeV, the LHC provides the strongest 
constraints for all considered operators. At higher masses, direct detection experiments still have an 
advantage if dark matter-nucleon scattering is spin- independent. If dark matter couples primarily 
to gluons (for instance through a heavy quark loop), the advantage is only marginal up to ~ 
1 TeV, where LHC constraints deteriorate rapidly due to the limited center of mass energy. For spin- 
dependent dark matter-nucleon scattering, the LHC constraints surpass direct detection bounds 
by several orders of magnitude for dark matter masses below the kinematic limit of the LHC. It 
should be noted that the collider constraints do not suffer from any astrophysical uncertainties, 
such as the (unknown) abundance of DM in the Earth's vicinity, or its velocity distribution. Finally, 
we emphasize that if the DM-Standard Model coupling involves a light mediator, as discussed in 
section|4j the collider bounds may become considerably weakened. If a direct detection experiment, 
spin-independent or spin-dependent, were to see an excess in apparent contradiction with these 
collider bounds, their existence would allow us to infer the presence of a light mediator — a fact we 
would be unaware of without these collider constraints. 

As far as limits on dark matter annihilation are concerned, the LHC is able to rule out dark 
matter with thermal relic cross sections for < 15 GeV for vector couplings to quarks, and 
for < 70 GeV for axial vector couplings to quarks. Limits from the mono-photon channel 
(figures [s] and |9]) are somewhat weaker than those from the mono-jet channel (figures [4] and [s]) , but 
not by much. Furthermore, since they probe a different set of operators and suffer from different 
systematic uncertainties they provide a useful complementary search channel giving insight into 
the couplings of DM should an excess be found in either channel. 

In the final section of this paper, we have considered a more specific type of dark matter, 
interacting through a "light mediator", namely the Standard Model Higgs boson h. If the decay 
channel h — )■ XX is kinematically allowed, we have found that the most stringent constraints on 
dark matter interactions can be derived from searches for invisible Higgs decays in the Z + H and 
vector boson fusion (VBF) production channels. Amusingly, for certain Higgs mass ranges, it is 
possible in this framework to also set lower limits on dark matter-Standard Model interactions. 
In particular, if the Higgs boson has a mass that is already excluded within the Standard Model, 
the model can be reconciled with the data if the Higgs branching fraction into dark matter is 
sufficiently large, which limits the dark matter-Higgs couplings from below. This lower bound on 
direct detection is already in confiict with bounds from XENON- 100 for some regions of parameter 
space. Within the Higgs-coupled DM framework, there is an interesting interplay between dark 
matter searches and SM Higgs boson searches at the LHC. This interplay can be interesting and 
non-trivial, both in the case of new bounds on the Higgs and in the case of a SM Higgs discovery. 

The analyses in this paper were carried out for the 7 TeV LHC on an integrated luminosity 
of at most 1.14 fb~^, a tiny fraction of what we hope to accumulate in the coming years. The 
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increased statistics, and higher center of mass energy, will improve not only the ability to harden 
the cuts, making the analyses more sensitive to DM, but also bring the systematic uncertainties 
under greater control. With dedicated analyses from both LHC collaborations, as well as searches 
on the final Tevatron dataset, we can expect great improvements on the bounds, or perhaps even 
the first observation of production of DM in the lab. 
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